ABSTRACT: The host response to 3 different larval digeneans affecting Southwestern Atlantic and Magellanic populations of the bivalve Gaimardia trapesina (Lamarck, 1819) (Gaimardiidae) is described. Unencysted metacercariae of 2 species of Gymnophallidae and 1 species of Lepocreadiidae co-exist in the peripheral and general extrapallial spaces. Differences in host responses to stimuli generated by each parasite are described. Infections by Gymnophallidae gen. sp. 1 metacercariae elicit a mantle-shell complex reaction involving both alteration of the mantle epithelium (hyperplasia and metaplasia) and calcium carbonate deposition to form an incomplete calcareous covering of single larvae, comprising individual crystallites in an organic matrix. The calcareous covering covers only the posterior two-thirds of the larval body, having its anterior end free in the extrapallial space, which ensures survival of the larvae. The peculiar features of the host response result from a successful process of adjustment to the parasite's life cycle. Metacercariae of Gymnophallidae gen. sp. 2 occur in one or more small groups of up to 30 individuals, either in the general or in the peripheral extrapallial spaces. The outer mantle reaction includes hyperplasia and metaplasia of the epithelium adjacent to the larvae. Deposition of calcium carbonate did not occur. Lepocreadiidae gen. sp. metacercariae were observed exclusively in the general extrapallial space lodged in single shallow pits whose shape fit the parasite's body shape and size. In simultaneous infections, metacercariae of Gymnophallidae and Lepocreadiidae elicited different responses in an individual, which suggests that each parasitic entity involves a different stimulus to the host.
INTRODUCTION
The information on marine bivalve diseases is extraordinarily large and mainly deals with microbial and protozoal disease agents in species of economic importance. With respect to digenetic trematoda, they have been registered from almost every marine bivalve species, but unfortunately, parasitologists have focussed their attention primarily on taxonomic aspects (Lauckner 1983) . Among the literature regarding the pathology of trematode metacercariae in marine bivalves, some remarkable examples are given by Bartoli (1967 Bartoli ( , 1973 Bartoli ( , 1974 Bartoli ( , 1978 , Bartoli & Prévot (1978) , Campbell (1985) and Bowers et al. (1996) .
Studies on larval digenean populations affecting bivalves in the Southwestern Atlantic Ocean are scarce. First records were reported by Szidat (1962 Szidat ( , 1965 , who described the Gymnophallidae Parvatrema australis (Szidat, 1962) from Mytilus edulis platensis (Mytilidae). Cremonte (1999) reported 7 metacercariae identified only to the family level (5 species of Gymnophallidae, 1 Renicolidae and 1 Monorchiidae) from intertidal bivalve populations. Finally, another gymnophallid metacercariae record was made by Martorelli & Morriconi (1998) from gastropods.
Gaimardia trapesina (Lamarck, 1819) is a common bivalve species that lives attached by a strong byssus to the giant kelp Macrocystis pyrifera (Linnaeus) (locally known as 'Cachiyuyo'). In the southwestern Atlantic Ocean the species ranges from Santa Catarina (Brazil) to the Magellanic Region (Rios 1994) . Presently nothing is known about the parasites infecting this bivalve.
During a study of the reproductive biology of Gaimardia trapesina from the Magellan Strait at Ushuaia, Tierra del Fuego, Argentina, larval digeneans (metacercariae) and certain unusual host reactions were discovered. Our aim is to describe the characteristics of the mantle-shell complex reaction mounted against invasive larvae and to study the host response at both the individual and cellular levels. The variations in the composition of the larval digenean associations found parasitizing G. trapesina with respect to time and geographic location, and the diversity in the host responses to different parasitic entities are also described.
MATERIALS AND METHODS
Specimens of Gaimardia trapesina were collected from the Beagle Channel at Ushuaia (54°48' S, 68°19' W) Tierra del Fuego, Argentina (Fig. 1) in January, February, May and July of 1997. Immediately after collection bivalves were immersed either in Bouin's fluid or 80% ethanol. This procedure, performed to analyze the reproductive process of G. trapesina, restricted larvae identification to family level. Metacercariae were removed, stored in 70% alcohol, stained with Semichon's acetocarmine, cleared in creosote, mounted in Canada balsam and measured. Drawings were made with the aid of a camera lucida. Measurements of 10 specimens shown in the tables, are given in micrometers with the range followed by the mean in parentheses. Twenty G. trapesina specimens from each month were examined for parasites. Due to the high intensity of infection, larval counts were performed on a half of each individual bivalve and the results multiplied by 2 for indices calculations. Parasitological indices and related terminology follow Bush et al. (1997) . Nomenclature regarding metacercaria habitats in the extrapallial spaces follows Bartoli (1974) .
Valves of specimens used for the scanning electron microscope (SEM) study were treated for 5 min with a 10% solution of commercial sodium hypochlorite and rinsed in distilled water prior to mounting and coating for observation. Specimens used for histological study were decalcified by 24 h rinse in Raillet Henry fixative. Portions of the mantle and periostracum containing digenean larvae were sectioned prior to dehydrating, embedding in paraffin, sectioning (7 µm thick) and staining with hematoxylin-eosin (Gabe 1968) .
Mineralogical analysis of shells of Gaimardia trapesina and calcareous coverings of metacercariae were made using a standard X-ray diffractometer. For this purpose, 100 calcareous coverings were detached from inner shell surface with the aid of a steel blade.
Additional samples were obtained from San Gregorio and Porvenir, on the Chilean shore of the Magellan Strait, and from Puerto Deseado (47°44' S, 65°54' W), Province of Santa Cruz, Argentina (Fig. 1) . Museum specimens from Isla de los Estados (54°46' S, 64°18' W) ( Fig. 1) were also examined for parasites.
RESULTS
Three species of larval digenean trematodes belonging to the families Gymnophallidae (2 species) and Lepocreadiidae (1 species) were found. The only larval stage represented was the metacercaria. The larvae will be referred to as Gymnophallidae gen. sp. Table 2 .
Comments. The diagnostic characters allow inclusion of the studied metacercariae in the Gymnophallidae. However, the position of the ovary (i.e. ovary post-testicular) is unusual for the family, the only other exception being the monotypic genus Pseudogymnophallus Hoberg, 1981, in which the ovary is located between the testes. The elongated body is also an unusual feature for Gymnophallidae (James 1964 , Bartoli 1974 Habitat. Whole general extrapallial space; in cases of moderate infections (<10 larvae per valve) a preference for the upper third of the extrapallial space was evident. Less frequently they occurred in the peripheral extrapallial space (Table 2) .
Localities. Southwestern Atlantic Ocean at Puerto Deseado and Isla de los Estados, Beagle Channel at Ushuaia (Argentina), and Magellan Strait at San Gregorio (Chile) (Fig. 1 Host response to metacercaria Gymnophallidae gen. sp. 1. The host reaction was characterized by mantle epithelium and shell alterations from the normal condition shown in Fig. 3a . The outer layer of the mantle epithelium adjacent to the larvae showed a proliferative reaction to form a dome-shaped covering (Fig. 3b) . Furthermore, the shape of the mantle cells changed, becoming cubic (5 µm tall) (Fig. 3c) . The inner mantle layer was normal. The number of amoebocytes usually present between both mantle layers showed moderate increase in the proximity of the modified area of the mantle (Fig. 3b) .
A calcareous igloo-shaped covering was secreted, surrounding each larva (Fig. 4a,b,e) . The calcareous covering always showed a lateral, slightly flattened, circular opening (125 to 150 µm in diameter) through which the anterior end of the larva is exposed (Fig. 4b) . The interior of the calcareous covering was tubular, slightly enlarged at the posterior end, fitting the transverse section of the larvae. The outer size, somewhat variable (Fig. 4a) ranged from 500 to 740 µm in maximum diameter (in accordance with the anteroposterior axis of the larvae), the height (only determined in 1 specimen) was approximately 210 µm. The mineralogic analysis of the calcareous covering demonstrated its exclusively aragonitic composition (see Fig. 6 ).
The host reaction started after the metacercariae settled on the inner shell surface. The metacercariae were always orientated with the anterior end exposed to the extrapallial space and the oral sucker facing the mantle epithelium (Figs 3b, c & 4b) . The early stages of the host reaction were distinguished by a slight opacity in the mantle just over the parasites, and a halo formed on the inner shell surface surrounding the larvae. Subsequently, deposition of calcium carbonate occurred in the form of fibrous-like aragonite crystals to build an oval 'basal plate' or platform ( to the inner shell surface. In this form, the normal shell structure of 2 layers of aragonite microcrystals separated by a thin prismatic pallial myostracum (Figs 5b, d, & 6) was modified by the addition of a third layer (40 µm thick at its tallest part, tapering to the sides as shown in Fig. 5b ) just below the site that the parasite occupies (Fig. 5b,d ). The central area of this platform, i.e. the place where the parasite lies, took the form of a short bottle or jar and was slightly sunken in the middle (Figs 4c & 5a,d) . A clearly marked oval area where calcareous deposition did not take place appeared just below the position of the anterior end of the metacercaria (Fig. 4a,b,e) . As the reaction proceeded, single aragonite crystals were deposited (Fig. 5c,e) , starting at the periphery of the basal platform (Fig. 4c) proceeding towards the center of the future igloo-shaped covering. The wall continued to grow until the igloo or dome-shaped calcareous covering was complete.
Frequently, a deposition of amorphous calcium carbonate was observed over the layer of single crystals (Fig. 4d) .
In histological sections obtained from decalcified specimens, the occurrence of a well-developed basophilic organic matrix was seen. The organic matrix, 12.5 µm thick, incompletely surrounded the larval body; it was always absent at the anterior end, the aperture of the calcareous covering (Fig. 3d) . The organic matrix also developed at the base of the calcareous covering, separated from that corresponding to the shell (Fig. 3d) .
Metacercaria Gymnophallidae gen. sp. 2 (Fig. 2b Table 1 . Prevalence and mean intensity of infection values are given in Table 2 . Habitat. Whole general and peripheral extrapallial spaces. In low and moderate infections a preference for the sides of the adductor muscles, and just below the umbones in the general extrapallial space, and at the center of the peripheral extrapallial space was evident.
Localities. Southwestern Atlantic Ocean at Puerto Deseado and Beagle Channel at Ushuaia, Argentina; Magellan Strait at San Gregorio, Chile (Fig. 1) .
Host response to metacercaria Gymnophallidae gen. sp. 2. The host response consisted of hyperplasia and metaplasia of the outer mantle epithelium adjacent to metacercariae which were found in groups of up to 30 individuals, orientated predominantly with their ventral surfaces facing towards the mantle (Fig. 3e) . The outer epithelium proliferated, leaving a relatively large space between the shell and the mantle where the larvae were located. The epithelium adjacent to the larvae became columnar (Fig. 3f,g ); the cell size was approx. 25 µm tall and 4.5 µm wide, showing a central nucleus; the distal cytoplasm was filled with fine acidophilic secretory granules. Calcium carbonate deposition did not occur. Metacercaria Lepocreadiidae gen. sp. (Fig. 2c) Diagnostic characters. (Based on 20 specimens, too contracted for useful measurements.) Body oval, spinose, oculate. Ocelli formed by 2 compact masses of irregular outline located at sides of pharynx. Oral sucker subterminal. Prepharynx short, pharynx ovoid. Oesophagus long. Caeca bifurcating immediately anterior to ventral sucker, reaching almost to the posterior end of the body. Ventral sucker located in equatorial part of body. Primordia of testes in tandem, behind ventral sucker. Ovary pre-testicular, median. Excretory vesicle I-shaped, with anterior end curved on ventral sucker and overlapping it and filled with excretory granules.
Localities. Beagle Channel at Ushuaia, (Argentina) and Magellan Strait at San Gregorio, (Chile) (Fig. 1) .
Habitat. In the general extrapallial space, lodged in oval or slightly elongated shallow pits.
Host response to metacercaria Lepocreadiidae gen. sp. Lepocreadiid metacercariae were observed only in the general extrapallial space with the ventral surfaces facing the mantle epithelium and lodged in wide, rounded, or slightly oval, shallow pits. The metacercariae were extremely flat, fitting perfectly into the pits (Fig. 5f) . Frequently, the larvae appeared calcified and they could not be separated from their pits. Low intensities of infection precluded the histological analysis of any host tissue reaction.
DISCUSSION
Bivalves are the main hosts for metacercariae of gymnophallids (Bartoli 1974) . Gymnophallid metacercariae always occur between the mantle and the valve, either free or enveloped by host tissues. Different host reactions, from lack of host response to severe lesions, have been attributed to Gymnophallidae (Cheng & Rifkin 1970 , Lauckner 1983 .
In Gaimardia trapesina, not all parasites, despite occuping the same location in the host, i.e. the general and peripheral extrapallial spaces, evoke the same host reaction. Each parasitic entity evokes its own stimulus which elicits different responses from the bivalve host. The response against metacercaria Gymnophallidae gen. sp. 1 leads to the alteration of the mantle epithelium and the deposition of a calcareous covering; the reaction to metacercaria Gymnophallidae gen. sp. 2 results only in the modification of the outer mantle epithelium without deposition of calcium carbonate, while Lepocreadiidae metacercariae lead to formation of shell pits.
The reaction of the mantle-shell complex of Gaimardia trapesina, elicited by the presence of metacercaria Gymnophallidae gen. sp. 1 in the extrapallial space, appears to be unique among bivalve host reactions involving calcareous deposition. The reported reaction differs strikingly from the process described as nacrezation (Cheng & Rifkin 1970) in the following aspects:
(1) There is no formation of a pearl sac, i.e. an invagination of the mantle tissue that completely surrounds the parasite prior to starting the calcareous deposition.
(2) From a mineralogical point of view, the type of crystals of pearls or 'blisters' are always identical to those forming the inner surface of the shell, the nacreous layer (i.e. aragonitic microcrystals). (3) The parasite larvae, subsequent to host reaction, always die. (4) Nacrezation was considered by Cheng & Rifkin (1970) as a non immunological response, because a similar process may be elicited by a stimulus from any foreign material, living or non living. Among the metacercariae found in Gaimardia, the only one capable of eliciting the mantle reaction to form an 'igloo-like' calcareous case, was metacercaria Gymnophallidae gen. sp. 1. This suggests that a process of recognition is taking place to allow such a definite reaction.
The size and form of the crystals of the calcareous covering of the metacercaria Gymnophallidae gen. sp. 1 are quite different to the normal shell structure of aragonite microcrystals (Figs 5b-e & 6) (Taylor et al. 1973 ). These differences are likely related to changes in chemical composition of the organic matrix on which the deposition of calcium carbonate takes place. The organic matrix in which the crystals of the shell develop is currently considered to determine the initiation of crystal formation (nucleation), crystal orientation, crystal size and crystal type (Wilbur & Saleuddin 1983) . Recent investigations in Pomacea (Ampulariidae), reviewed by Watabe (1983) , have demonstrated that the repaired shell matrix is different from normal, and this difference is accompanied by variations in the type and form of crystals of repaired shell. In Gaimardia trapesina the chemical nature of the organic matrix secreted by the altered outer mantle epithelium in the vicinity of the parasites (likely to differ to that secreted by non-altered epithelium) could determine differences in form and type of crystals of the calcareous coverings compared to those of the normal shell structure.
As the organic matrix is currently viewed as a determinant of the initiation of the crystal formation or nucleation (Wilbur & Saleuddin 1983) , the lack of deposition of shell material at the aperture of the calcareous coverings is likely related to the lack of organic matrix in this area (Fig. 3d) .
According to Lauckner (1983) 'the most conspicuous reaction of marine bivalves to invasion by larval gymnophallids is the formation of pearls'. This is viewed as the host-cellular response against a foreign body that cannot be phagocytosed. Pearl formation 'constitutes a malformation resulting from the host's attempt to wall off an intruder which cannot be phagocytized or eliminated'. In contrast to this, in the case reported here, larva survivorship has been preserved throughout the evolutionary process of adjustment in the parasite life cycle, i.e. the parasites have successfully adjusted to the adversity imposed by the host (Esch & Fernández 1993) . Therefore, if the host reaction is not a non-directed attempt to eliminate a foreign body -the metacercariae in this case -the results of these reactions should be seen as a trait incorporated in the life cycle of the parasite. Campbell (1985) , describing the life cycle of Meiogymnophallus rebecqui (Bartoli, 1983) , parasite of the bivalve Abra tenuis from Plymouth, found a host reaction similar in many ways to that observed in Gaimardia trapesina infected with Gymnophallidae gen. sp. 1. Metacercariae occur in the extrapallial space, and the host reaction involves the hyperplasia of the outer mantle epithelium adjacent to the larvae and the secretion of calcareous material (the so-called 'blister') around the parasite. The parasite, however, never becomes fully enveloped; a hole is present allowing the larvae to escape. When the host response is directed not to a single but to a group of metacercariae, a craterlike calcareous structure is deposited around them. The author considers these responses as additional protection against mechanical damage in the gizzard of the definitive host. Fisher (1932) reported a malformation in Mya arenaria from Belfast Lough, Northern Ireland, consisting of a 'rised blister opening at the posterior end' (of the shells) located in the 'area enclosed by the deep sinus formed by the pallial scar'. In Lauckner's (1983) opinion these blisters could be assigned to a host-reaction in response to a massive invasion by trematode metacercariae. Despite the extremely brief description by Fisher (1932) , the shell lesions described in M. arenaria are likely similar to the reaction observed in Gaimardia.
In our opinion, the term 'blister' should be restricted to the calcareous secretions with identical mineralogic composition than the inner shell surface, forming a complete covering of the larvae, i.e. without any opening, and to use the term 'calcareous coverings' to refer to encasements that always have an opening to allow the 'escape' of the larvae.
The reaction of Gaimardia trapesina in the presence of metacercaria Gymnophallidae gen. sp. 2 involves only the alteration (hyperplasia and metaplasia) of the outer mantle epithelium to delimit a large space between mantle and shell, where numerous larvae remain free. The result of the metaplastic process, i.e. a columnar epithelium, strikingly differs from that observed in the reaction to metacercaria Gymnophall-idae gen. sp. 1. A somewhat similar reaction to groups of metacercariae was described by Bartoli (1974) in Abra ovata infected by Meiogymnophallus rebecqui. However, in the case of G. trapesina, neither the occurrence of depressions or pits corresponding to the position of each larvae, nor the formation of mantle proliferation in the form of villosities, have been observed.
The structural changes observed in the outer mantle epithelium of Gaimardia trapesina adjacent to metacercaria Gymnophallidae gen. sp. 2 were similar to those described by Watabe (1983) during the mollusc shell repair process. According to Watabe (1983) , in species of Anodonta (Unionidae) and Musculus (Mytilidae), for example, the cells of the outer mantle epithelium usually change their shape (becoming taller) while being progressively transformed into periostracum and prismatic layer-secreting-type cells. The author concludes that 'the function of the mantle is not permanently fixed, but can be altered by a stimulus such as a shell damage'. In this respect, the presence of larval digeneans between the mantle and the shell represent a stimulus comparable, judging from the alteration they elicit, to shell damage.
With respect to the metacercaria Lepocreadiidae gen. sp., the present record is the first from a mollusc in the Southwestern Atlantic Ocean. There are 4 lepocrediid metacercariae reported from different bivalve families (Veneridae, Mactridae, Donacidae and Cardiidae) (Bartoli & Prévot 1978) . The only reference to a host reaction is by Bartoli (1967) reporting a lack of response by several bivalve species parasitised by Lepocreadium pegorchis (Stossich, 1900) . Moreover, only L. album Stossich, 1890 was found in the same habitat to the present lepocrediid metacercaria of Gaimardia trapesina.
Despite the irregular sampling intervals of the Gaimardia trapesina population at Ushuaia during 1997, there seems to be a clear seasonal variation in the prevalence and intensity of infection by Gymnophallidae metacercariae. Maximum values of prevalence and intensity of infection were seen in May and July (Table  2) , coincidently with the period of maximum brooding activity of the bivalves. In contrast, no significant seasonal variation was evident in prevalence of infection by metacercaria Lepocreadiidae gen. sp.
The reproductive activity of Gaimardia trapesina does not seem to be affected by the presence of metacercariae, since most of the specimens from May and July samples, when maximal values of prevalence of infection were reached, showed embryos within both inner and outer demibranchs. This reflects normal gametogenic activity. Metacercariae infections do not provoke parasitic castration of the host (Lauckner 1983) .
